INTRODUCTION
Several organic, molecular, crystalline materials have been identified as high-performance, second-order, optically nonlinear crystals. [1] [2] [3] [4] Of particular interest are those materials with insignificant absorption at visible and nearultraviolet wavelengths. Such crystals offer the possibility of frequency doubling into the short wavelengths which are so desirable for high-density information storage and some communications applications. 4-amino benzophenone ͑ABP͒ has been identified as a particularly efficient second-order optically nonlinear material by powder test. [4] [5] [6] In the last of these studies ABP gave a signal which was ten times that of urea under the same conditions. ABP crystals are of the monoclinic P2 1 space group. The number of molecules in the unit cell Z is 2 and the cell parameters are aϭ8. 304, bϭ5.460, cϭ12 .074 Å and ␤ϭ97.87°.
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EXPERIMENT
ABP was purified by the method of Suppan 8 in which the ABP is dissolved in aqueous acetic acid, filtered, and reprecipitated with ammonia. This was followed by recrystallization from water.
Crystals were grown by controlled temperature reduction from saturated dimethyl formamide 6 solution, but care had to be taken to exclude light and to keep the temperature low because ABP is readily photolyzed in solution to radical species which are themselves very reactive. This problem has been encountered before with these organic, optically nonlinear materials, but does not extend to the crystalline state where the materials are photostable. The crystal growth habit is shown in Fig. 1 and typical specimens measured 19 ϫ38ϫ22 mm 3 . A darkening of the color of the solution with heating became a pink coloration at higher temperatures. This coloration is almost certainly due to photochemical decomposition in air. This pink color was always present in crystal growth baths and became included in two growth sectors of the crystal ͑Fig. 2͒.
ABP polished easily on the ͑001͒ plane, leaving a soft, easily scratched surface. The ͑010͒ surfaces cleaved readily along the ͓001͔ direction, so that minimum polishing pressure was essential for this face. The ͑100͒ face invariably cleaved near the edges and the highest-quality blanks were obtained by cleavage rather than polishing. Flatness of faces was typically better than /2 for sodium light.
Orthoscopic examination of finished blanks revealed that the Z dielectric axis made an angle of 18Ϯ2°with the crystallographic c axis, rotating about the b axis in a clockwise direction while observing the system by looking down the b axis in its positive direction. This geometry is shown in Fig.  2 . There was no evidence of any wavelength dependence of the orientation of the dielectric axes. With the same orientation, the x dielectric axis was found to make an angle of 12°w ith the a crystallographic axis. The ͑001͒ optical blank did not show the usual clear extinction under crossed polars.
The morphology of the ABP crystal allows the crystallographic b axis to be identified as the edge between the ͑001͒ and ͑100͒ crystal faces. Prisms were cut from the highquality growth sectors ͑shown unshaded in Fig. 2͒ of a 6-mm-thick ͑010͒ plate. The quality of the crystal was confirmed by synchrotron white radiation topography. Figure 3 shows such a synchrotron section topograph recorded at the CCLRC laboratory in Daresbury, using a 50 m slit. The image is formed mainly by the 020 reflection at 1.2 Å and the 040 reflection at 0.6 Å. The x-ray beam was incident on the ͑001͒ face. This topograph shows large volumes of the ͑100͒ sector where there are no apparent dislocations. Overall, the topograph highlights the perfection of the ABP crystals grown as above and it was from the most perfect volumes that the prisms I and II were cut. These prisms were polished on perspex counter prisms. One face of prism I was closely parallel to the ͑100͒ plane. The other being at 16°to a͒ Present address: MOEC, 877 25th Street, Watervliet, New York 12189. this face, it was impossible to polish it to the required standard because small steps continually developed as polishing progressed despite minimizing the polishing pressure. This was caused by the shallow angle presented to the ͑100͒ cleavage plane. In prism II one face was nearly parallel to the ͑001͒ plane, the other face making an angle of 16°with this face thus allowing the necessary quality of finish to be attained. The small apex angles used in these prisms are usually essential in order to prevent total internal reflection at the shorter wavelengths. Having the prism axis parallel to the crystallographic b axis, these prisms allowed the measurement of n y by the method of minimum deviation using light polarized parallel to the prism axis. Two further prisms were prepared, having their axes parallel with the x and z dielectric axes, respectively. These were oriented by placing 3-mm-thick ͑010͒ blanks on counter prisms and aligning one dielectric axis with the counter prism edge using the polarizing microscope.
Prism apex angles were measured by mounting the prism on a precision, calibrated rotating stage and reflecting a He/Ne laser from the input and output faces, noting the angles at which the laser was reflected back along its incident path, using a 1 m optical lever to verify this direction. The apex angles are given in Table I and the uncertainty of Ϯ0.008°originated from the accuracy in reading the protractor scale. The prism faces were found to be parallel to the same degree of accuracy. The light source used was a quartz halogen bulb with wavelength selection by a Czerny-Turner monochromator ͑Hilger and Watts D330.2͒ calibrated against a He/Ne laser at 632.8 nm. The light was vertically polarized on emergence from the monochromator and the rotation of the prism about a vertical axis ensured by the He/Ne laser back reflection technique described above. The height of the prism compared with the image of the slit in the observation telescope attached to the rotation stage, was such that both deviated and undeviated images of the slit were observed with the prism in place. The angular deviation and thus refractive index was measured at 10 nm intervals in the wavelength range 420-640 nm.
Frequently, it is not possible to obtain three prisms of the type mentioned above for every organic molecular crystal, if the crystals are small or difficult to grow to a sufficient size. Additionally, preparation of these prisms is very time consuming and, as detailed above, not always possible in every orientation due to polishing difficulties. It is therefore convenient to use fewer prisms. In principle, one prism should suffice. For example, if the prism edge is parallel to the y dielectric axis, n y can be measured as above. n x and n z can be measured by obtaining the effective refractive index n eff as a function of incidence angle for horizontally polarized light and solving the resultant simultaneous equations in n x and n z . In practice this approach is very inaccurate. The prism apex angles usually have to be small to avoid total internal reflection. It follows that, if one dielectric axis, e.g., x, is within the prism or nearly parallel to either the input or output face of the prism, the effective refractive index will largely be determined by n x . The n z contribution will be relatively small and thus n z will be measured very inaccurately. A better solution is to prepare two prisms so that a different dielectric axis is parallel to the prism axis in each case. This allows two straightforward, minimum deviation experiments to give two of the refractive indices. The remaining refractive index can be measured comparatively accurately by the n eff method described above where the relevant dielectric axis is contained within one prism. This method has been used successfully. 9, 10 Nevertheless, it suffers from the difficulty of measuring the angle between the input prism face and the dielectric axis within the prism. Given the accuracy of measurement of the other relevant angles described above, this latter measurement is far less accurate and unnecessarily limits the accuracy of the resultant principal refractive index value. The inaccuracy ͑Ϯ4°͒ in this angle stems from the difficulty of accurately ͑Ϯ0.008°͒ measuring the position of maximum extinction of the crystal on the rotary stage of the polarizing microscope.
It is not necessary to know the angle between the input prism face and the dielectric axis within the prism. For a prism of apex angle ␣ and a series of incidence angles i , with corresponding deviation angles d and angles of refraction r it may be shown 6, 11 that, defining x as
the corresponding angle of refraction is given by
whence the value of n eff is determined from Snell's law. It is only in the decomposition of this n eff into the two principal values of the refractive indices in the horizontal plane that is required. It is used to obtain , the angle between the light ray propagating within the prism and, for example, the dielectric x axis within the prism as in the relation 3 . ͑a͒ The thin section topograph of ABP taken with synchrotron white x rays incident on the ͑001͒ face. This is essentially the ͑020͒ and ͑040͒ reflections from wavelengths of 1.2 and 0.6 Å, respectively. The ͑100͒ sectors are shown to be of exceptionally low defect concentration and it was from such volumes that optical samples were cut. ͑b͒ The key to the topograph, the shaded areas being comparatively poor quality and the seed crystal is shown in dotted outline. Crystal samples for optical work were cut from the highest-quality volumes.
Since a dielectric axis lies within the prism, the value of n eff will pass through a turning point when n eff is plotted as a function of i . Since
at this turning point and ϭ90Ϫ r ϩ, where is constant for a given prism, dϭϪd r . Now d r /d i ϭtan r /tan i , so that d/d i cannot be zero for the angles of incidence used. Hence, the turning point will occur when
͑5͒
From this equation it is clear that this turning point will coincide with ϭ90°when the light ray propagating in the crystal is normal to the x dielectric axis in the above example. This is expected, since, for all other values of there will be some contribution from the other coplanar dielectric axis. This will either increase or decrease the n eff value depending on whether this other principal refractive index is smaller or larger than n x . At this turning point n eff will thus equal n x . This condition can be readily found empirically, by plotting n eff against i and equating the value of n eff with n x at the turning point. Fortunately, the value of n eff is not sensitive to the value of i , so that an accurate n x value may be found without plotting a large number of data points.
RESULTS
n x values determined by the above method varied with wavelength and i as shown in Table II . The minimum values are italicized. Even with these large i intervals, the accuracy of n x is Ϯ0.001. In our experience, given the finish of the prisms, this is typical of the accuracy of a minimum deviation measurement and is a commendable result from such a simple approach. The accuracy of this approach is certainly better than achieved by solving the simultaneous equations for the two in-plane principal refractive indices. Table III shows the results for measuring n x at 530 nm by minimum deviation and by the turning point method in the other two prisms. The self-consistency of these data, within experimental error, confirms the accuracy of the prism orientation and polishing techniques. One disadvantage of the method, which is common to all techniques requiring observations at a series of deviation angles, is that the image of the slit broadens at large deviation angles making its position less easily determined unless the monochromator bandpass is reduced. This, however, reduces the light intensity and makes the image difficult to see.
The principal refractive indices measured by all these methods are shown in Table IV . These were combined and fitted to four-parameter Sellmeier equations. The resultant coefficients are shown in Table V and the curves in Fig. 4 . In all cases the curve fitting was poorest for the shortwavelength data. This is probably because the curve rose most sharply as it neared the absorption edge. By the nature of the curve fitting techniques required to obtain these Sellmeier coefficients, they may be unreliable outside the wavelength range of the data used.
TABLE II. Refractive index n x as a function of incidence angle i for a series of wavelengths, demonstrating the angular insensitivity of the minimum n x value ͑italicized͒ and, thus, the accuracy of this approach to refractive index measurement with light polarized orthogonally to the prism axis. 
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The refractive indices were measured for material taken from the pink-colored zones of the crystal, using the same methods as for the colourless crystal zones. Within the experimental errors quoted above, no difference could be detected except for n z in the wavelength range 620-450 nm where the refractive index was higher by 0.002Ϯ0.001. This effect is clearly marginal. This is consistent with the undetectably low concentration of the impurity causing this pink coloration and indicates that the colorless crystals grown from the pink coloured solutions will always show the linear optical property values determined above.
The position of the optical axes, always in the plane of greatest and least refractive indices, may be found by calculation from the above Sellmeier relationships. For example, with the geometry of Fig. 2 , at 500 nm the extraordinary refractive index in the ͑001͒ plane is 1.6592. This is equal to the value of n y at this wavelength ͑1.6648͒ within the experimental error of Ϯ0.003. Thus, unusually, the normal to the ͑001͒ plane is essentially an optical axis. The dispersion is so low over the visible region of the spectrum that under the polarizing microscope this normal will always be very close to an optical axis. This explains the earlier observation that the ͑001͒ optical blank did not show a clear extinction under crossed polarizers, since this observation would be made looking down an optical axis. In this orientation, of course, the material appears to be optically isotropic.
DISCUSSION
The main charge transfer axis of the ABP molecule lies along the line joining the carbonyl group to the nitrogen atom in the amino group. From the crystal structure, this axis is found to coincide with the z dielectric axis in the ͑010͒ plane. In the Y -Z plane, this charge transfer axis makes an angle of 17°with the Z dielectric axis and of 73°with the Y dielectric axis. Thus, refractive indices should be largest and the wavelength of the absorption band center in the electronic spectra will be longest in the Z direction. The former obtains because the most polarizable direction of the molecule is parallel to the polarization vector of the light, the latter because the longest delocalization path in the molecule is parallel to the polarization plane of the light. Table VI shows that the order of the band centers calculated from the ͱC of the Sellmeier equation is as expected from this model. Thus, the model is borne out by the observations both in respect of n z and the absorption band centers calculated from ͱC. The polarizability in the X direction arises principally from the carbonyl group as shown in Fig. 5 .
Refractive indices for the calculation of the phasematching locus for a fundamental wavelength of 1064 nm may be obtained from the above Sellmeier equations. These are given in Table VII . The predicted phase matching locus for 1064 nm doubling to 532 nm, is shown in Fig. 6 and is of the Hobden 12 class 6. Long-wavelength extrapolation of Sellmeier curves is particularly unreliable where there is appreciable dispersion as in the case of n z for ABP. Type-I phase matching associated with point r in Fig. 6 was observed at an external angle of incidence of 29°and this was used to adjust n z at 1064 nm from the original Sellmeier extrapolated value of 1.8212 to 1.7878. This adjusted value was used to obtain the n z Sellmeier coefficients quoted above. The observed external angle of incidence to the a*, b face was Ϯ54.5°for type-I phase matching associated with the two symmetrical orientations represented by points p and q in Fig. 6 , when the specimen was rotated about the a* axis with the geometry shown in Fig. 7 . These external angles of incidence are predicted to be Ϯ55°from the refractive indices deduced from the Sellmeier equations without any further adjustment of long-wavelength refractive indices, so that these very sensitive tests confirm the accuracy of the Sellmeier equations, particularly at the long wavelengths extending to 1064 nm.
CONCLUSIONS
An accurate method has been established for the determination of the extraordinary refractive indices in crystal prisms. This method has the merit of being independent of the accurate determination of the orientation of the dielectric axes within the prism.
The refractive indices of ABP have been determined over the wavelength range 420-640 nm and the dispersion fitted to four-parameter Sellmeier equations with an accuracy of Ϯ0.003 or better. These values have been verified by observation of the phase-matched second-harmonic output at the angle of incidence predicted within 0.5°. The absorption edges are also consistent with the observed dispersion and the spectroscopy of the crystal would allow efficient frequency doubling in the blue. The phase matching is Hobden class 6.
The molecular charge transfer axis is defined by the direction from the amino group nitrogen atom to the carbonyl group carbon atom. This charge transfer is responsible for the largest refractive index n z , the carbonyl polarizability playing only a minor role in the X direction. This phenomenon has been observed in several molecular organic crystals, 2, 13 although it is interesting to note the relative contributions in this case of the noncollinear carbonyl group alone and the charge transfer axis created by the aminogroup-carbonyl-group across the benzene ring. 
